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H-2 Bachelor Enlisted Quarters

a. Introduction

This design example illustrates the seismic design of a three-story Navy bachelor enlisted quarters (BEQ)
building.  The layout of the building is based on the Navy 1+1 module which allocates approximately 462
sq. ft. (42.9m2) to a two-person living suite as indicated in Figure 1.

(1) Purpose.  The purpose of this example is to illustrate the design of a representative
military building in an area of high seismicity, using the provisions of FEMA 302 as modified by this
document.

(2) Scope.  The scope of this example problem includes; the design of all major structural
members such as beams, columns, and shear walls.  The design of the foundations, nonstructural elements
and their connections, and detail design of some structural elements such as reinforced concrete slabs on
grade were not considered part of the scope of this problem and are therefore not included.  Additionally,
this problem considers only seismic and gravity loads.

b. Building description

(1) Function.  The function of a BEQ is to provide living quarters for enlisted personnel.  The
Department of the Navy has various standard modules for living areas.  The modules can be arranged
together with designated administrative and communal spaces to form the BEQ.  In this example, a two-
person living suite was chosen and the designated administrative and communal areas were provided on the
1st Floor.  The building as indicated in Figure 1 would house 70 enlisted personnel.

(2) Seismic Use Group.  Since the building is not described by any of the occupancies in
Table 4-1 for special, hazardous, or essential facilities, it will be designated as a standard occupancy
structure within Seismic Use Group I.

(3) Configuration.  The standard Navy modules may be arranged in any desired
configuration.  The selected module, as shown in Figure 1, was designated for access from an interior
hallway.  This typical “motel” type configuration using a double-loaded interior corridor was selected as
being the most efficient and economical configuration.  A small reception and lounge area by the main
stairway was provided at the main entrance on the 1st Floor and an additional stairway was provided at each
end of the building.

(4) Structural Systems.  The continuous vertical alignment of the transverse walls between
the suites makes these walls ideal candidates for bearing and shear walls.  Similarly, the need for
fenestration at the exterior walls makes the use of longitudinal moment frames a logical choice.  Precast
cored concrete slabs were chosen for the framed floor system.  These commercially available units are
capable of spanning between the separation walls without intermediate supports.  The soffit of the precast
slabs forms the exposed ceiling in the service and sleeping areas.  Furred ceilings in the corridors, bath, and
storage areas can accommodate the heating and ventilation ducts for each of the modules.  Lateral loads are
transferred by the reinforced topping through dowels to the shear walls or frames and, in turn, to the
foundations.

(5) Choice of materials.  The bearing/shear walls could be designed as reinforced masonry
rather than cast-in-place concrete.  The masonry would be equally functional and in some areas of the U.S.
may be more economical.  Many alternatives, using cast-in-place or precast configurations, are available
for the floor framing.  A desirable prerequisite is that the floor be relatively stiff and have low acoustic
transmission.  The precast slabs with reinforced topping were chosen for the reasons discussed in
subparagraph (4) above.  All walls not shown on the floor framing plans are intended to be nonstructural
and shall be constructed so as to not impair the response of the concrete frames or shear walls.
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Figure 1.  Architectural floor plan



H2-3

Note:  For metric equivalents; 1-in = 25.4mm, 1-ft = 0.30m

Figure 2.  Foundation and first floor plan
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Note:  For metric equivalents; 1-in = 25.4mm, 1-ft = 0.30m

Figure 3.  Typical floor framing plan
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Note:  For metric equivalents; 1-in = 25.4mm, 1-ft = 0.30m

Figure 4.  Roof framing plan
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Note:  For metric equivalents; 1-in = 25.4mm, 1-ft = 0.30m

Figure 5.  Section A-A
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Note:  For metric equivalents; 1-in = 25.4mm, 1-ft = 0.30m

Figure 6.  Section B-B
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c. Building design (following steps in Table 4-5 for Life Safety).  The design of the building
follows steps outlined in Table 4-5 for Performance Objective 1A.

A-1  Determine appropriate Seismic Use Group.  Per Table 4-3 of the manual, the building is allowed
to incur moderate structural damage.  Therefore, it is a standard occupancy structure with a Seismic Use
Group of I.

A-2  Determine Site Seismicity.  The site seismicity for this example from the MCE maps is assumed
as:
Ss = 1.40g, and S1 = 0.50g.

A-3  Determine Site Characteristics.  For the purpose of this problem, a stiff soil condition was
assumed corresponding to a site classification of ‘Class D’ per Table 3-1 of the manual.

A-4  Determine Site Coefficients, Fa and Fv.  From Tables 3-2a and 3-2b for the given site seismicity
and soil characteristics, the site response coefficients were interpolated as follows:

Fa = 1.00                        (Table 3-2a)
Fv = 1.50              (Table 3-2b)

A-5  Determine adjusted MCE Spectral Response Accelerations:

SMS = Fa(SS) = 1.00(1.40) = 1.40              (EQ. 3-1)
SM1 = Fv(S1) = 1.50(0.50) = 0.75              (EQ. 3-2)

A-6  Determine Design Spectral Response Accelerations:

SDS = (2/3)SMS = (2/3)1.40 = 0.93              (EQ. 3-3)
SD1 = (2/3)SM1 = (2/3)0.75 = 0.50              (EQ. 3-4)

The approximate period of the structure (based on T = 0.1N, where N = number of stories) is:

Tapprox = 0.1N = 0.1(3) = 0.3 < 0.5              (EQ. 5.3.3.1-2  FEMA 302)

Since Tapprox < 0.5, and because the structure is less than 5 stories in height, Equations 3-5 and 3-6 must be
checked in the short period range:

SMS [ 1.5Fa              (EQ. 3-5)
SM1 [ 0.6Fv              (EQ. 3-6)

Therefore, SMS = 1.4 < 1.5(1.00) = 1.5
SM1 = 0.75 < 0.6(1.50) = 0.9

          Use SDS = 0.93, & SD1 = 0.50

A-7  Determine Seismic Design Category.  With SDS = 0.93, SD1 = 0.50, and a Seismic Use Category
of I, enter Tables 4-2a and 4-2b to obtain a Seismic Design Category of ‘D’.

A-8  Select Structural System.

Gravity:  Reinforced concrete hollow core slabs to span between transverse bearing walls.

Lateral:  As permitted by table 7-1 of the manual;
Transverse direction:  Special reinforced concrete shear walls.
Longitudinal direction:  Special reinforced concrete moment frames.

A-9  Select R, ςo, & Cd factors.
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From Table 7-1 of the manual:
Transverse direction:      Special reinforced concrete shear walls                 R = 5.5, ςo = 2.5, Cd = 5.0
Longitudinal direction:   Special reinforced concrete moment frames             R = 8, ςo = 3.0, Cd = 5.5

A-10 Determine preliminary member sizes for gravity load effects.

(1) Roof and Floor framing

Roof and floor framing to consist of hollow core concrete slabs.  Slabs span in the longitudinal direction
between bearing walls.

Roof:
Determine Loading:

Live load; wL = 20 psf  (0.96KN/m2)    (per ANSI/ASCE 7-95 Table 4-1)
Dead load; wD;

Roofing; 5   psf
Insulation; 3   psf
Suspended ceiling; 1   psf
Mechanical & Electrical; 3   psf

Total = wD = 12 psf  (0.57KN/m2)
Therefore, the total superimposed service load = wD + wL = 12 psf + 20 psf = 32 psf (1.53KN/m2).  Per the
hollow-core concrete slab manufacturers catalog, using a span of 23’-6” (7.17m) and the superimposed
service load of 32 psf, choose a 6” (152.4mm) thick x 4’-0” (1.22m) wide hollow-core slab of normal
weight concrete (wt. of slab with a 2-1/2” (63.5mm) topping = 80.3 psf or 3.84KN/m2).

Floor:
Determine design loads:

Live load; wL = 40 psf  (1.92KN/m2)    (per ANSI/ASCE 7-95
Table 4-1)

Dead load; wD;
Floor finish; 1   psf
Partitions; 10 psf
Suspended ceiling; 1   psf
Mechanical & Electrical; 3   psf

Total = wD = 15 psf  (0.72KN/m2)
Therefore, the total superimposed service load = wD + wL = 15 psf + 40 psf = 55 psf (2.63KN/m2).  Per the
hollow-core concrete slab manufacturers catalog using a span of 23’-6”, and the superimposed service load
of 55 psf, choose a 6” thick x 4’-0” wide hollow-core slab of normal weight concrete (wt. of slab with a 2-
1/2” topping = 80.3 psf or 3.84KN/m2).

(2) Transverse bearing wall design

The transverse bearing walls run almost continuously through the building being interrupted only by the 6-
ft. wide interior corridor.  The thickness of the walls is determined based on their dual function as both
shear and bearing walls; the building is located in a high seismic zone and two curtains of reinforcement
are anticipated.  Therefore, a wall thickness of 9-in (228.6mm). is chosen in order to accommodate the
placement of two curtains of reinforcement.  For gravity loads, the empirical design method of ACI 318-95
Section 14.5 will be used to check this 9-in. thickness for bearing.  The empirical design method is
determined to be applicable because the resultant of all factored loads is located within the middle third of
the wall.  Additionally, it is anticipated that reinforcement requirements will be governed by seismic
considerations, and therefore, the design of the wall reinforcement will be addressed during the lateral load
design.

Determine design loads;
Note:  Loading will be determined per unit of wall length using a tributary width per floor or roof of 23’-6”
(7.17m).

Live load;
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Therefore, the corbel design is as follows;

1-in = 25.4mm
#3 bar ~ 10M
#4 bar ~ 10M

At the end walls As must be anchored within the wall.  A hoop arrangement as shown below will be used
for this purpose.

The corbel design at the end walls is as follows;

See above for metric equivalents

(4) Transverse beam design

Transverse beams span over the interior 6-ft. (1.83m) wide corridor and support the floor and roof framing
at these locations.  The transverse beams are formed as a continuation of the corbel between the shear
walls.  One design for the worst case loading will be used throughout the building.

Determine design loads;
Note:  Loading will be determined per unit length of the beam.  Also, the worst case occurs at an interior
span at either the second or third floor levels.

Tributary width per floor = 23’-6”  (7.17m) (worst case conditon)

Live load;







H2-16

Transverse direction; Ct = 0.020 Shear wall system
Longitudinal direction; Ct = 0.030 Reinforced concrete moment frame

Resisting 100% of seismic forces
hn = 33-ft  (10.06m) Height to highest level

Therefore; Ta = =0 020 33 0 283 4. ( ' ) ./ sec transverse

Ta = =0 030 33 0 413 4. ( ' ) ./ sec longitudinal

B-2  Determine Dead Load ‘W’:

Note:  For determining the base shear, the proportions of the moment frame elements are initially guessed.
This is judged to provide adequate results because most of the weight of the building is due to the shear
walls and the pre-cast concrete floor and roof framing thereby making the moment frames a relatively small
percentage of the total building weight.  The reproportioning of the moment frame elements is judged to
have negligible effect on the base shear.  The beams are proportioned first using a rule of thumb of one inch
(25.4mm) of depth for every foot (0.305m) of span with the width being conservatively taken as 3/4 of the
depth.  The columns are then proportioned to have the same dimensions as the beams.  The columns are
proportioned as such because, by inspection, they support very little axial load and function primarily in
flexure with a loading similar to that of the beams (pre-cast concrete planks spanning between bearing
walls provide the primary gravity support, and the concrete frames are left to support only their own self
weight).

Try a 24” (609.6mm) deep x 18” (457.2mm) wide  floor beam and column, and 16” (406.4mm) deep x 18”
(457.2mm) wide roof beam;

Check proportion requirements of ACI 318-95 Section 21.3, and 21.4;

Floor & Roof Beams;

Clear span = 21.5’>4(24”)(1’/12”) = 8’ (2.44m)floor or  >4(16”)(1’/12”) = 5.33’ (1.63m)roof  
O.K.

b
h

= = >18
24

0 75 0 3"
"

. .  (floors) b
h

= = >18
16

113 0 3"
"

. . (roof)          O.K.

b = >18 10" " (floors) b = >18 10" " (roof)          O.K.
(457.2mm > 254.0mm) (457.2mm > 254.0mm)

b W h= ≤ + =18 3
2

54" " (floors) b W h= ≤ + =18 3
2

54" " (roof)          O.K.

                  (1371.6mm)            (1371.6mm)
Column;

W
C

= = >18
24

0 75 0 4"
"

. .                       O.K.

W = >18 12" "  (457.2mm > 304.8mm)                                                           O.K.
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Therefore, the moment frame cross sections are as follows;

Columns: Beams:

1-in = 25.4mm
Building weights are calculated on spread sheet and are shown in figures 3, and 4.
Total seismic weight is;

W = 4,428k  (19.70MN)

B-3  Calculate Base Shear, V:

V C Ws=      (EQ. 5.3.2  FEMA 302)
where;

C
S
Rs
DS=              (EQ. 3-7)

and,

C
S
TRs

D< 1              (EQ. 3-8)

C Ss DS> 0 044.              (EQ. 3-9)
Transverse direction;

C
S
Rs trans
DS

,
.
.

.= = =0 93
55

017

C
S
TRs trans

D
, . .

.
. ( . )

= < = =017 0 33
050

0 28 55
1

C Ss trans DS, . . . ( . ) .= > = =017 0 041 0 044 0 93 0 044
 Therefore, Vtrans = CsW = 0.17(4,428k) = 753k  (3.35MN)

Longitudinal direction;

C
S
Rs long
DS

,
.

.= = =0 93
8

012

C
S
TRs long

D
, . .

.
. ( )

= < = =012 015
050

0 41 8
1

C Ss long DS, . . . ( . ) .= > = =012 0 041 0 044 0 93 0 044

 Therefore, Vlong = CsW = 0.12(4,428k) = 531k  (2.36MN)

Vtrans = 753k  (3.35MN), Vlong = 531k  (2.36MN)
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ASSEMBLY WEIGHTS (PSF):

DIAPHRAGMS:

Level - Roof
Built-Up roofing; 5.00
2" rigid insulation @ 1.5psf/in., 1.5x2 = 3.00
6" Thick hollow core concrete slab; 49.00
2-1/2" Concrete topping;  2.5"(1'/12")150pcf = 31.30
Suspended ceiling; 1.00
Mech., Elec., & Miscellaneous 3.00

Total = 92.3 psf (4.42KN/m2)

Level - Floors
Floor finish; 1.00
Partitions (10psf per FEMA 310 section 3.5.2.1); 10.00
6" Thick hollow core concrete slab; 49.00
2-1/2" Concrete topping;  2.5"(1'/12")150pcf = 31.30
Suspended ceiling; 1.00
Mech., Elec., & Miscellaneous 3.00

Total = 95.3 psf (4.56KN/m2)

TRANSVERSE WALLS:

9" Thick reinforced concrete shear walls;  9"(1'/12")150pcf = 112.50 psf (5.39KN/m2)

LONGITUDINAL WALLS:

Infill;

6" Thick medium weight concrete block wall grouted at 48" o.c.; 40.00 psf

Windows;

Glass, frame and sash; 8.00 psf

Columns;

18" wide by 24" deep columns (use 23.5' spacing);
18"(24")(1-ft2/144-in2)(150pcf)(1/23.5') = 19.15 psf

Spandral Beams at floors;

24" deep by 18" wide spandrel beams (use 11' tributary height);  
24"(18")(1-ft2/144-in2)(150pcf)(1/11') = 40.91 psf

Spandral Beams and parapet at roof;

16" deep by 18" wide spandrel beams (use 5.5' tributary height);  
16"(18")(1-ft2/144-in2)(150pcf)(1/5.5') = 54.55

27" deep by 12" wide parapet;  
27"(12")(1-ft2/144-in2)(150pcf)(1/5.5') = 61.36

Total = 115.9 psf (5.55KN/m2)

Figure 7.  Calculation of component weights
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BUILDING WEIGHTS (KIPS):

Item
Desc. Grid Line

Width or
Trib. ht. Length Number

Trib
Area Unit Wt.

Weight
Trans.

Weight
Long.

Weight
Total

(ft) (ft) (ft)2 (psf) (kips) (kips) (kips)

Level - Roof 
Diaph. A1-C2 29.5 12 1 354 92.3 32.7 32.7 32.7
Diaph. A2-D8 53 141 1 7473 92.3 689.8 689.8 689.8
Diaph. A8-D9 29.5 12 1 354 92.3 32.7 32.7 32.7
Longitudinal Walls
Beam A, C, D 5.5 165 2 1815 115.9 210.4 210.4
Glass1 A, C, D 3.46 165 2 1142 8.0 9.1 9.1
Columns1 A, C, D 3.46 165 2 1142 19.2 21.9 21.9
Transverse Walls
Wall 2 to 8 5.5 53 7 2041 112.5 229.6 229.6
Wall 1 & 9 5.5 29.5 2 325 112.5 36.5 36.5
Parapet 2 & 8 1.71 23.5 2 80 112.5 9.0 9.0
Parapet 1 & 9 1.71 29.5 2 101 112.5 11.4 11.4

Total Roof Tributary Weight = 996 1042 1283

Level - Floor
Diaph. A1-C2 29.5 12 1 354 95.3 33.7 33.7 33.7
Diaph. A2-D8 53 141 1 7473 95.3 712.2 712.2 712.2
Diaph. A8-D9 29.5 12 1 354 95.3 33.7 33.7 33.7
Longitudinal Walls
Beam A, C, D 11 165 2 3630 40.9 148.5 148.5
Infill A, C, D 3 165 2 990 40.0 39.6 39.6
Glass2 A, C, D 6 165 2 1980 8.0 15.8 15.8
Columns3 A, C, D 9 165 2 2970 19.2 56.9 56.9
Transverse Walls
Wall 2 to 8 11 53 7 4081 112.5 459.1 459.1
Wall 1 & 9 11 29.5 2 649 112.5 73.0 73.0

Typical Floor Tributary Weight = 1040 1312 1573

Total Building Weight = 4428
1  Trib height at roof = 1/2(story height) - depth to bottom of beam = 5.5' - 16.0" - 8.5" = 3.46'
2  Trib height at floor = story height - beam depth -infill depth = 11' - 2' - 3' = 6'
3  Trib height at floor = story height - beam depth  = 11' - 2' = 9'

1-in = 25.4mm
1-ft = 0.30m

1-kip = 4.448KN

Figure 8.  Calculation of building weights
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B-4 Calculate Vertical Distribution of Forces.

F C Vx vx=  (EQ. 5.3.4-1  FEMA 302)

C
w h

w h
vx

x x
k

i i
k

i

n=

=
∑

1

 (EQ. 5.3.4-2  FEMA 302)

where; k = 1 in both directions for the building period is less than 0.5 seconds
The calculations are tabularized below*;

Story wi hi wixhi Cvx CvxxVtrans CvxxVlong

Level =Fx,trans =Fx,long

(kips) (ft) (ft-kips) (kips) (kips)
Roof 1283 33 42337 0.45 338 239
3rd 1573 22 34597 0.37 276 195
2nd 1573 11 17299 0.18 138 98

SUM = 4428 94232 1.00 753 531
*Note:  For metric equivalents;  1-ft = 0.30m, 1-kip = 4.448KN, 1-ft-kip = 1.36KN-m

Therefore; Transverse direction;           Froof = 338k

          F3rd = 276k

          F2nd = 138k

Longitudinal direction;           Froof = 239k

          F3rd = 195k

          F2nd = 98k

B-5  Perform Static Analysis.

General;

Because the diaphragms are rigid, relative rigidities of the lateral load resisting elements must be
determined in order to establish the distribution of seismic loads.  In the transverse direction, the shear
walls are analyzed based on their flexural and shear deformations of a cantilever wall using closed form
equations.  In the longitudinal direction, moment frames are analyzed using a two-dimensional computer
analysis program (RISA-2D, version 4.0) to determine their rigidity.  Increased flexibility due to cracking
for both the shear walls and the moment frames was accounted for by using cracked section properties in
accordance with Section 10.11.1 of ACI 318-95.

The following diagram shows the computer model geometry used to model the longitudinal moment
frames.  Relative rigidities are determined for each floor level.  For example, the stiffness at the roof is
determined by applying a 1000k load at the roof level (distributed uniformly along the length of the frame
at that level) with no other loads acting on the model.  The deflection of the frame is then taken as the
average of all nodes at that level.

1-ft = 0.30m
1-kip = 4.448KN
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Calculations for the location of the mass centroid are tabularized below;

Grid Width or Unit
Element Line Height Length yi Area wt. Number wi wiyi

(ft) (ft) (ft) (ft2) (psf) (kips) (ft-kips)
Diaph A1-C2 29.5 12 38.25 354 92.3 1 33 1,250

A2-D8 53 141 26.5 7473 92.3 1 690 18,279
A8-C9 29.5 12 38.25 354 92.3 1 33 1,250

Trans A1-C1 7.21 29.5 38.25 213 112.5 1 24 915
Walls A9-C9 7.21 29.5 38.25 213 112.5 1 24 915

A2-D2 to 5.5 53 26.5 291.5 112.5 7 230 6,083
A8-D8

Trans C2-D2 2 24 12 40 113 2 9 106
Parapet & C8-D8
Long A1-A9 5.5 165 53 907.5 133 1 121 6,397
Walls C1-C2 5.5 12 23.5 66 133 1 9 206

C8-C9 5.5 12 23.5 66 133 1 9 206
D2-D8 5.5 141 0 775.5 133 1 103 0

Therefore, for the roof level; SUM = 1,283 35,608

ycm = 27.75 ft (8.46m) xcm = 82.50 ft (25.2m)

Grid Width or Unit
Element Line Height Length yi Area wt. Number wi wiyi

(ft) (ft) (ft) (ft2) (psf) (kips) (ft-kips)
Diaph A1-C2 29.5 12 38.25 354 95.3 1 34 1,290

A2-D8 53 141 26.5 7473 95.3 1 712 18,873
A8-C9 29.5 12 38.25 354 95.3 1 34 1,290

Trans A1-C1 11 29.5 38.25 324.5 112.5 1 37 1,396
Walls A9-C9 11 29.5 38.25 324.5 112.5 1 37 1,396

A2-D2 to 11 53 26.5 583 112.5 7 459 12,166
A8-D8

Long A1-A9 11 165 53 1815 71.9 1 130 6,916
Walls C1-C2 11 12 23.5 132 71.9 1 9 223

C8-C9 11 12 23.5 132 71.9 1 9 223
D2-D8 11 141 0 1551 71.9 1 112 0

Therefore, at the floor level; SUM = 1,573 43,775

ycm = 27.83 ft (8.48m) xcm = 82.50 ft (25.2m)

LOCATION OF MASS CENTROID OF ROOF IN THE TRANSVERSE DIRECTION

LOCATION OF MASS CENTROID OF FLOOR IN THE TRANSVERSE DIRECTION

1-in = 25.4mm 1psf = 47.9KN/m2

1-ft = 3.0mm 1-kip = 4.448KN
1-ft2 = 0.093m2 1-ft-kip=1.36KN-m

Center of rigidity, cr;

Due to the symmetrical layout of the lateral load resisting elements,  the center of rigidity can be located by
inspection.
For both the floors and the roof; ycr = 26.5 ft  (8.08m)         xcr = 82.5 ft  (25.2m)
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B-7  Perform torsional analysis.

The load distributed to each element of the lateral load resisting system in a particular direction can be
determined by its stiffness relative to all the other elements in that direction.

The direct shear component is Fv;

F
R

R
Vv

i

i

= ∑
Additionally, there are two torsional components; Ftors, and Facc;

F
Rd

Rd
Vetors

i

i

= ∑ 2
where; e = eccentricity due to the displacement of the center of mass

to the center of rigidity

F
Rd

Rd
Veacc

i

i
acc= ∑ 2

where; eacc = eccentricity to account for possible errors in calculating

the cm or cr.
The shear component and the two torsional components add together to determine the total force
transferred to an element of the lateral load resisting system.   Calculations for the distribution of forces to
the lateral load resisting elements at each floor level are tabularized below;

Roof;
Vtrans = 338 kips etrans = 0 ft etrans,acc = 8.25 ft
Vlong = 239 kips elong = 1.25 ft elong,acc = 2.65 ft

EQ Element Ryi Rxi dxi
(1) dyi

(1) Rxdy Rxdy
2 Fv Ft

(2) Facc Ftotal =
Direction (grid line) or or Fv+Ft+Facc

Rydx Rydx
2

(k/ft) (k/ft) (ft) (ft) (k-ft/ft) (k-ft/ft) (kips) (kips) (kips) (kips)
Trans A1-C1 667 - 82.5 - 55027.5 4539769 28.40 0.00 5.71 34.1

A2-B2 & 944 - 70.5 - 66552.0 4691916 40.20 0.00 6.91 47.1
C2-D2(3)

A3-B3 & 944 - 47 - 44368.0 2085296 40.20 0.00 4.61 44.8
C3-D3(3)

A4-B4 & 944 - 23.5 - 22184.0 521324 40.20 0.00 2.30 42.5
C4-D4(3)

A5-B5 & 944 - 0 - 0.0 0 40.20 0.00 0.00 40.2
C5-D5(3)

A6-B6 & 944 - 23.5 - 22184.0 521324 40.20 0.00 2.30 42.5
C6-D6(3)

A7-B7 & 944 - 47 - 44368.0 2085296 40.20 0.00 4.61 44.8
C7-D7(3)

A8-B8 & 944 - 70.5 - 66552.0 4691916 40.20 0.00 6.91 47.1
C8-D8(3)

A9-C9 667 - 82.5 - 55027.5 4539769 28.40 0.00 5.71 34.1
Long A2-A8 - 2280 - 26.5 60420 1601130 119.37 0.67 1.42 121.5

D2-D8 - 2280 - 26.5 60420 1601130 119.37 -0.67 1.42 120.8

ΣRi = 7942 4560 Jp = 26878870
1Note: distance 'd' is measured from the cr
2 Note: only positive components are added
3 Note:  there are two walls in parallel with a total rigidity of; 2 x 472-kips/ft = 944-kips/ft

Note:  For metric equivalents; 1-kip/ft = 14.58KN/m, 1-ft = 0.30m, 1-kip = 4.48KN
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Second Floor;
Vtrans = 138 kips etrans = 0 ft etrans,acc = 8.25 ft
Vlong = 98 kips elong = 1.33 ft elong,acc = 2.65 ft

EQ Element Ryi Rxi dxi
(1) dyi

(1) Rxdy Rxdy
2 Fv Ft

(2) Facc Ftotal =
Direction (grid line) or or Fv+Ft+Facc

Rydx Rydx
2

(k/ft) (k/ft) (ft) (ft) (k-ft/ft) (k-ft/ft) (kips) (kips) (kips) (kips)
Trans A1-C1 2,000 - 82.5 - 165000.0 13612500 11.61 0.00 1.91 13.5

A2-B2 & 2,830 - 70.5 - 199515.0 14065808 16.42 0.00 2.31 18.7
C2-D2(3)

A3-B3 & 2,830 - 47 - 133010.0 6251470 16.42 0.00 1.54 18.0
C3-D3(3)

A4-B4 & 2,830 - 23.5 - 66505.0 1562868 16.42 0.00 0.77 17.2
C4-D4(3)

A5-B5 & 2,830 - 0 - 0.0 0 16.42 0.00 0.00 16.4
C5-D5(3)

A6-B6 & 2,830 - 23.5 - 66505.0 1562868 16.42 0.00 0.77 17.2
C6-D6(3)

A7-B7 & 2,830 - 47 - 133010.0 6251470 16.42 0.00 1.54 18.0
C7-D7(3)

A8-B8 & 2,830 - 70.5 - 199515.0 14065808 16.42 0.00 2.31 18.7
C8-D8(3)

A9-C9 2,000 - 82.5 - 165000.0 13612500 11.61 0.00 1.91 13.5
Long A2-A8 - 19672 - 26.5 521308 13814662 48.77 0.69 1.37 50.8

D2-D8 - 19672 - 26.5 521308 13814662 48.77 -0.69 1.37 50.1

ΣRi = 23810 39344 Jp = 98614614

Third Floor;
Vtrans = 276 kips etrans = 0 ft etrans,acc = 8.25 ft
Vlong = 195 kips elong = 1.33 ft elong,acc = 2.65 ft

EQ Element Ryi Rxi dxi
(1) dyi

(1) Rxdy Rxdy
2 Fv Ft

(2) Facc Ftotal =
Direction (grid line) or or Fv+Ft+Facc

Rydx Rydx
2

(k/ft) (k/ft) (ft) (ft) (k-ft/ft) (k-ft/ft) (kips) (kips) (kips) (kips)
Trans A1-C1 1000 - 82.5 - 82500.0 6806250 23.23 0.00 4.41 27.6

A2-B2 & 1414 - 70.5 - 99687.0 7027934 32.85 0.00 5.33 38.2
C2-D2(3)

A3-B3 & 1414 - 47 - 66458.0 3123526 32.85 0.00 3.55 36.4
C3-D3(3)

A4-B4 & 1414 - 23.5 - 33229.0 780882 32.85 0.00 1.78 34.6
C4-D4(3)

A5-B5 & 1414 - 0 - 0.0 0 32.85 0.00 0.00 32.8
C5-D5(3)

A6-B6 & 1414 - 23.5 - 33229.0 780882 32.85 0.00 1.78 34.6
C6-D6(3)

A7-B7 & 1414 - 47 - 66458.0 3123526 32.85 0.00 3.55 36.4
C7-D7(3)

A8-B8 & 1414 - 70.5 - 99687.0 7027934 32.85 0.00 5.33 38.2
C8-D8(3)

A9-C9 1000 - 82.5 - 82500.0 6806250 23.23 0.00 4.41 27.6
Long A2-A8 - 5106 - 26.5 135309 3585689 97.55 0.82 1.64 100.0

D2-D8 - 5106 - 26.5 135309 3585689 97.55 -0.82 1.64 99.2

ΣRi = 11898 10212 Jp = 42648559

See page H2-24 for metric equivalents
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B-8  Determine need for redundancy factor, ρ.

The building has a seismic design category of D, and therefore, per Paragraph 4-4,  the redundancy factor is
calculated as follows;

ρx
xr A

= −2
20

max

                           (EQ. 4-1)

Evaluation of rmax;

For the longitudinal moment frames, rmax is taken as the maximum of the sum of the shears in any two
adjacent columns in the plane of the frame divided by the story shear.  The portal method is used as an
approximation for the distribution of shear in the columns.

Therefore, since each story has 7 columns per frame, 2 frames per story, and the frames are each equally
loaded;

rmax .= =2
12

017 at each floor level

For the transverse shear walls, rmax is taken as the shear in the most heavily loaded wall divided by 10/lw.
Where lw is the wall length in feet divided by the story shear.  At every story level, the most heavily loaded
wall occurs at either grid lines 1 or 9.

Therefore, at each story level;
10 10

29 5
0 339

lw
= =

. '
.

At the third story level;

r
k

kmax
.

( . ) .= =341
338

0 339 0 034

At the second story level;

r
k

kmax
.

( . ) .= =27 6
276

0 339 0 034

At the first story level;

r
k

kmax
.

( . ) .= =137
138

0 339 0 034

Calculations to determine the redundancy factor are tabularized below;
Story Earthquake rmax Ax rx

Level Direction (ft2)
Third Transverse 0.034 8,181 -4.5 < 1

Longitudinal 0.170 8,181 0.70 < 1.0
Second Transverse 0.034 8,181 -4.50 < 1.0

Longitudinal 0.170 8,181 0.70 < 1.0
First Transverse 0.034 8,181 -4.50 < 1.0

Longitudinal 0.170 8,181 0.70 < 1.0

Therefore, for all story levels; ρx,trans = 1.0, ρx,long = 1.0

B-9  Determine need for overstrength factor Ω o .

Per Paragraph 5.2.6.3.2 of FEMA 302, collector elements, splices, and their connections to resisting
elements shall be designed for the load combinations of Section 5.2.7.1 of FEMA 302.  Therefore, for these
force controlled elements the following seismic load will be used;

For both the transverse or the longitudinal direction;
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E Q S DE DS= ±Ω o 0 2.                            (EQ. 4-6)
E Q D
E Q D

E

E

= ±
= ±

3 0 2 0 93
3 0186

. ( . )

.

B-10  Calculate combined load effects.

Load combinations per ANSI/ASCE 7-95 are as follows;

(1) 1.4D
(2) 1.2D+1.6L+0.5Lr
(3) 1.2D+0.5L+1.6Lr
(4) 1.2D+E+0.5L
(5) 0.9D+E

However, per Paragraph 4-6;

E = ρQE 6 0.2SDSD
   = 1.0QE 6 0.2(0.93)D
   = QE 6 0.186D

Therefore, Equations 4 and 5 become;

(4a) 1.386D+QE+0.5L
(5a) 0.714D+QE

B-11  Determine structural member sizes.

(1) Transverse shear wall design; use fc’ = 4,000psi (27.58MPa), and fy = 60ksi (413.7MPa)

Per Paragraph 7-2.f. (1), shear walls will be designed in accordance with ACI 318-95 as modified by the
provisions given in Chapter 9 of FEMA 303.

Walls on grid lines 1 and 9;
Determine design loads;
The following diagram shows the maximum shear and overturning moment at each level;

1-ft = 0.30m, 1-kip = 4.448KN
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P f A A f Ac g st y sto = − +085. ( )'                    (EQ. 10-2  ACI 318-95)

where; Ag = 29.5’(12”/1’)9” = 3,186-in2  (2.05X106 mm2)
Ast = lwtρv = 29.5’(12”/1’)9”(0.0037) = 11.8-in2  (7.61X103 mm2)
fc’ = 4,000psi  (46.90MPa)

P psi in in psi in k
o = − − − + − =085 4 000 3186 118 60 000 118 115002 2 2. ( , )( , . ) , ( . ) ,  (51.15MN)

∴ = << =P Pu
k k203 4 025 0 35, . o  (902.9KN<<18.70MN) Therefore, walls are structural

Determine if boundary elements are required;
This requirement will be checked at the first story level only for this is the worst case condition, and if
boundary elements are not required at that level they will not be required at the levels above.
Per FEMA 302 Section 9.1.1.13, boundary elements are not required if;

(1) P A fu g c≤010. '

and either

(2) 
M

V l
u

u w
≤10.

or (3) V A fu cv c≤3 ' , and  
M

V l
u

u w
≤30.

Check condition (1);
By inspection, load case 4a governs; U = 1.386D + QE + 0.5L;

Pu = 203k << 1,273k = 0.1(29.5’)(12”/1’)9”(4,000psi)(1k/1000-lb) = 0.1Agfc’       O.K.
(902.9KN<<5.66MN)

Check condition (2);
By inspection, Mu and Vu are the same for all load cases.  Therefore;

M
V l

u

u w

ft kips

k= = <
−1881

752 29 5
085 10

,
. ( . ')

. .       O.K.

Therefore, no boundary elements are required

Determine if wall has adequate capacity for flexural and axial loads combined;
Per FEMA 302 Section 9.1.1.13, walls subject to combined flexural and axial loads shall be designed in
accordance with Sections 10.2 and 10.3 of ACI 318-95 except that Section 10.3.6 of ACI 318-95 and the
nonlinear strain requirements of 10.2.2 do not apply.  To satisfy these requirements, an analysis program
entitled ‘PCACOL’ produced by the Portland Cement Association was utilized.  This program produces an
interaction diagram for the wall cross section and plots the loads acting on the section.

Note:  At the time of writing of this problem, the current version of PCACOL program was developed for
ACI 318-89.  However, there are no changes between the 95 code and the 89 code which will affect the
results of this shear wall analysis.

Determine design loads;
Load case 4a; Pu = [1.386(1.17+2(1.81))klf + 0.5(2(0.24))klf]29.5’ = 203k  (902.9KN)

Mu = 1.0(1,881-ft-kips) = 1,881-ft-kips  (2.55MN-m)
Load case 5a; Pu = [0.714(1.79+2(1.81))klf]29.5’ = 114k  (507.1KN)

Mu =  1.0(1,881-ft-kips) = 1,881-ft-kips  (2.55MN-m)
Figure 9 shows the design interaction diagram (obtained from PCACOL) for the shear wall section.  The
section has a 9-in. (220.6mm) thick web reinforced with two curtains of reinforcement each having #4
(~10M) vertical and horizontal bars spaced at 12-in. (308.8mm) on center with fc’ = 4,000psi (46.90MPa)
and fy = 60,000psi (413.7MPa).  Two design load combinations are listed.  The point marked “1” represents
the Pu-Mu combination corresponding to load case 4a, and the point marked “2” represents the Pu-Mu
combination corresponding to load case 5a.  This figure shows that the walls have sufficient capacity for
axial and overturning forces.

Therefore, use 2 curtains of #4 (~10M) bars at 12” (308.8mm) o.c. each way
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Note:  For metric equivalents;  1-in = 25.4mm, 1-ft-kip = 1.356KN-m, 1-ksi = 6.895MPa

Figure 9. Design strength interaction diagram for shear wall section on grid lines 1 and 9
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Walls on grid lines 2 through 8;

One design will be produced for the worst case and used for all walls on grid lines 2 through 8.  By
inspection, the worst case situation occurs on either grid line 2 or 8 between grid lines C and D because
these walls carry the largest shear, largest overturning moment, and smallest axial load (the walls moment
capacity increases with an increase in axial load).

Determine design loads;
The following diagram shows the maximum shear and overturning moment at each level;

1-ft = 0.30m, 1-kip = 4.448KN
Therefore, at the base of the wall Vmax = 104-kips (462.6KN), and Mmax = 2,600-ft-kips (3.53MN-m).

Design for shear;
By inspection, only minimum reinforcement will be required.

Try 2 curtains of #4 (~10M) bar at 12-in. (308.8mm) on center each way as used for walls on grid lines 1
and 9;

Check capacity;
V Vu n≤φ with φ= 0 6.     (EQ. 11-1  ACI 318-95)

Since hw/lw = 33’/26.5’ = 1.25 < 2.0 in accordance with Section 21.6.5.3 of ACI 318-95;

V A f fn cv c c n y= +( )'α ρ     (EQ. 21-7  ACI 318-95)

where; Acv = 23.5’(9”)(12”/1’) = 2,538-in2  (1.64X106 mm2)
fc’ = 4,000psi  (46.90MPa)
αc = 3.0 for hw/lw = 1.3 < 1.5
ρn = 0.0037
fy = 60ksi  (413.7MPa)

Note:  The more conservative Equation 21-6 could have been used due to the light loading.

∴ = −
−

+ =φV
in

kips lb
psi psin

k0 6 2 538
1000

3 4 000 0 0037 60 000 627
2. ( , )

/
, . ( , )e j  (2.79MN)

φV Vn
k k

u= > =627 104 (2.79MN > 462.6KN)       O.K.

Design for flexural and axial loads;
Determine axial loads acting at each story;
Note:  The tributary width of diaphragm is 23.5-ft(1/2) = 11.8-ft. (3.60m), and the story to story height is
11-ft (3.36m).
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Dead loads;
At the roof; PRD = 92.3psf(11.8’) + 112.5psf(5.5’) = 1,708plf  (24.91KN/m)
At the floors; PFD = 95.3psf(11.8’) + 112.5psf(11’) = 2,362plf  (34.45KN/m)

Live loads; (Live loads are unreducable due to the small tributary area)
At the roof; PRL = 20psf(11.8’) = 236plf  (3.44KN/m)
At the floors; PFL = 40psf(11.8’) = 472plf  (6.88KN/m)

Confirm that walls are structural;
Per FEMA 302 Section 9.1.1.13, walls with Pu > 0.35Po shall not be considered to contribute to the
calculated strength of the structure for resisting earthquake induced forces.  By inspection, load case 4a
governs; U = 1.386D + QE + 0.5L;

Pu = [1.386(1.71+2(2.36))klf + 0.5(0.236+2(0.472))klf]29.5’ = 280k  (1.25MN)
The nominal strength of the wall is given by;

P f A A f Ac g st y sto = − +085. ( )'                    (EQ. 10-2  ACI 318-95)

where; Ag = 23.5’(12”/1’)9” = 2,538-in2  (1.64X106 mm2)
Ast = lwtρv = 23.5’(12”/1’)9”(0.0037) = 9.39-in2  (6.06X103 mm2)
fc’ = 4,000psi  (46.9MPa)

P psi in in psi in k
o = − − − + − =085 4 000 2 538 9 39 60 000 9 39 9 1612 2 2. ( , )( , . ) , ( . ) ,  (40.75MN)

∴ = << =P Pu
k k280 3 206 0 35, . o   (1.25MN << 14.26MN) Therefore, walls are structural

Determine if boundary elements are required;
This requirement will be checked at the first story level only for this is the worst case condition, and if
boundary elements are not required at that level they will not be required at the levels above.
Per FEMA 302 Section 9.1.1.13, boundary elements are not required if;

(1) P A fu g c≤010. '

and either

(2) 
M

V l
u

u w
≤10.

or (3) V A fu cv c≤3 ' , and  
M

V l
u

u w
≤30.

Check condition (1);
By inspection, load case 4a governs; U = 1.386D + QE + 0.5L;

Pu = 280k < 1,015k = 0.1(23.5’)(12”/1’)9”(4,000psi)(1k/1000-lb) = 0.1Agfc’  (1.25MN < 4.51MN)
            O.K.

Check condition (2);
By inspection, Mu and Vu are the same for all load cases.  Therefore;

M
V l

u

u w

ft kips

k= = >
−2 600

104 235
106 10

,
( . ' )

. .       N.G.

Therefore, check condition 3;
V psiu

k k= < =104 3 9 282 4 000 482( ") " ,  (0.46MN < 2.14MN)       O.K.

M
V l

u

u w
= <106 30. .       O.K.

Therefore, no boundary elements are required

Determine if wall has adequate capacity for flexural and axial loads combined;

Determine design loads;
Load case 4a; Pu = [1.386(1.71+2(2.36))klf + 0.5(2(0.472))klf]23.5’ = 221k   (0.98MN)

Mu = 1.0(2,600-ft-kips) = 2,600-ft-kips   (3.53MN-m)
Load case 5b; Pu = [0.714(1.71+2(2.36))klf]23.5’ = 108k   (480.4KN-m)

Mu =  1.0(2,600-ft-kips) = 2,600-ft-kips   (3.53MN-m)
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Figure 10 shows the design interaction diagram (obtained from PCACOL) for the shear wall section.  As in
Figure 9 only two design load combinations are listed.  The point marked “1” represents the Pu-Mu
combination corresponding to load case 4a, and the point marked “2” represents the Pu-Mu combination
corresponding to load case 5a.  This figure shows that the walls have sufficient capacity for axial and
overturning forces.

Therefore, use 2 curtains of #4 (~10M) bars at 12” (308.8mm) o.c. each way

(2) Longitudinal moment frame design: use fc’ = 4,000psi (46.90MPa), fy = 60ksi (413.7MPa)

Per paragraph 7-4.f, special moment frames (SMF’s) are frames conforming to the requirements of
Sections 21.1 through 21.5 of ACI 318-95 in addition to the ACI 318-95 requirements for ordinary moment
frames (OMF’s).

Determine design loads;
The RISA-2D model, used previously to determine the relative rigidity of the frames, was reanalyzed for
lateral loading.  The resultant forces acting on the frame at each floor level, determined in section 3d of this
problem solution, were distributed over the length of the structure at each floor level.  Note that there are no
live loads acting on the frame, and the dead loads are due only to the frames self weight, weight of
windows, and non-structural infill walls.  Cracked section properties in accordance with ACI 318-95
Section 10.11.1 were used.

Note:  The RISA-2D program does not distribute loads over rigid end offsets.  Therefore, distributed loads
acting within the rigid end offsets were added as point loads on the accompanying node.

Dead loads;
At the roof ; wRD = distributed load due to weight of beam and parapet

wRD = {16”(18”)+27”(12”)}150pcf(1k/1000-lb)/144-in2/ft2 = 0.638klf  (9.30KN/m)
PRD = point load due to tributary weight of column and parapet over rigid end offsets
PRD = {18”(24”)}150pcf(3.46’)(1k/1000-lb)/144-in2/ft2+0.638klf(2’) =2.83k

  (12.6KN)
Note:  The tributary 3.46-ft (1.06m) column height was calculated in the seismic weights section of this
problem.

At the floor; wFD = distributed load due to weight of beam + infill + windows
wFD = {18”(24”)}150pcf(1k/1000-lb)/144in2/ft2+…
… +{3’(40psf)+6’(8psf)}(1k/1000-lb) = 0.618klf  (9.01KN/m)

Note:  The tributary 6-ft glass height was calculated in the seismic weights section of this problem.
PFD = point load due to tributary weight of column and over rigid end offsets
PFD = {18”(24”)}150pcf(11’)(1k/1000-lb)/144in2/ft2 = 4.95k  (22.02KN)

The earthquake story forces were uniformly distributed over a length equal to the length of the frame minus
the length of the rigid end offsets.

At the roof; (QE)R = 121.5k/(141’-12(1’)) = 0.941klf  (13.72KN/m)
At the 3rd floor; (QE)3 = 100k/(141’-12(1’)) = 0.775klf  (11.30KN/m)
At the 2nd floor; (QE)2 = 50.8k/(141’-12(1’)) = 0.394klf  (5.75KN/m)

Design beams;

Check that axial loading may be ignored for beam design per Section 21.3.1.1 of ACI 318-95;

From the analysis output, the largest compressive axial load in a floor beam is 11.6k (51.6KN) (due to load
combination 5a), and the largest compressive axial load in a roof beam is 16.8k (74.73KN) (due to load
combination 4a).

At the roof;
A f ksig c k k

' "( ")
.

10
16 18 4

10
115 168= = >  (511.5KN > 74.73KN)       O.K.
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Note:  For metric equivalents;  1-in = 25.4mm, 1-ft-kip = 1.356KN-m, 1-ksi = 6.895MPa

Figure 10.  Design strength interaction diagram for shear wall section on grid lines 2 through 8
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Note:  For metric equivalent; 1-kip =4.48KN, 1-ft-kip = 1.356KN-m

Figure 11.  Shear and moment diagrams for frame beams due to lateral loading
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Note:  For metric equivalent; 1-kip =4.48KN, 1-ft-kip = 1.356KN-m

Figure 12.  Shear and moment diagrams for frame beams due to gravity loads
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ρ ρ= − = > =155
18 2181

0 00395 0 00333
2.

" ( . ")
. . min

in
                    O.K.

Check moment strength at face of joint per ACI 318-95 Section 21.3.2.2;
1
2

1
2

200 100 147( ) ( ) ( )@ intφ φM Mn jo
ft k ft k ft k

n
− − − − += = < =   (135.6KN-m < 199.3KN-m)       O.K.

Therefore, choose 5 #5 (15M) bottom bars at  column face

Positive moment at midspan;
By inspection, the governing load combination is 1(U = 1.4D);

M u
ft k ft k+ − −= =14 12 5 17 5. ( . ) .   (23.7KN-m)

Due to the load demand at this section, steel will be governed by detailing requirements.  By inspection, the
minimum reinforcement requirements of ACI 318-95 Section 10.5, and 21.3.2.1 will govern.  Since the
steel at the column face is very close to the minimum, it is not possible to terminate any bars.

Check capacity per ACI 318-95 Section 21.3.2.2;
1
4

1
4

200 50 147( ) ( ) ( )@ intφ φM Mn jo
ft k ft k ft k

n
− − − − += = < =  (67.8KN-m < 199.3KN-m)      O.K.

Check development of positive moment reinforcement at inflection points per ACI 318-95 Section 12.11;

l
M
V

ld
n

u
a≤ +     (EQ. 12-2  ACI 318-95)

where; Mn = Mu = 147ft-k/0.9 = 163ft-k  (221.0KN-m)
Vu;  Vu is evaluated at the inflection point as follows;

Inflection point is located from the beam centerline using similar triangles;

1-ft-kip = 1.356KN-m

x ft k ft k
ft k=

+
=− −

−215
24 5 12 5

12 5 363
. '/2

( . . )
( . ) . '  (1.11m)

Similarly, Vu is determined at the inflection point;

1-kip = 4.448KN

Vu

k
k= =6 7

215
363 2 26

.
( . '/2)

( . ' ) .   (10.05KN)


















































